Available  online  at  www.sciencedirect.com 


ELSEVIER 


%V  ScienceDirect 


Journal  of  Power  Sources  160  (2006)  1 104-1 110 


JOURNAL  OF 


www.elsevier.com /locate /jpowsour 


Evaluation  of  Ni-Cr-base  alloys  for  SOFC  interconnect  applications 

Zhenguo  Yang*,  Guan-Guang  Xia,  Jeffry  W.  Stevenson 

Pacific  Northwest  National  Laboratory,  Richland,  WA  99352,  United  States 

Received  4  January  2006;  received  in  revised  form  24  February  2006;  accepted  27  February  2006 

Available  online  8  May  2006 


Abstract 

To  further  understand  the  suitability  of  Ni-Cr-base  alloys  for  solid  oxide  fuel  cell  (SOFC)  interconnect  applications,  three  commercial  Ni-Cr- 
base  alloys,  Haynes  230,  Hastelloy  S  and  Haynes  242  were  selected  and  evaluated  for  oxidation  behavior  under  different  exposure  conditions,  scale 
conductivity  and  thermal  expansion.  Haynes  230  and  Hastelloy  S,  which  have  a  relatively  high  Cr  content,  formed  a  thin  scale  mainly  comprised 
of  Cr203  and  (Mn,Cr,Ni)304  spinels  under  SOFC  operating  conditions,  demonstrating  excellent  oxidation  resistance  and  a  high  scale  electrical 
conductivity.  In  contrast,  a  thick  double-layer  scale  with  a  NiO  outer  layer  above  a  chromia-rich  substrate  was  grown  on  Haynes  242  in  moist  air 
or  at  the  air  side  of  dual  exposure  samples,  indicating  limited  oxidation  resistance  for  the  interconnect  application.  With  a  face-centered-cubic 
(FCC)  substrate,  all  three  alloys  possess  a  coefficient  of  thermal  expansion  (CTE)  that  is  higher  than  that  of  candidate  ferritic  stainless  steels,  e.g. 
Crofer22  APU.  Among  the  three  alloys,  Haynes  242,  which  is  heavily  alloyed  with  W  and  Mo  and  contains  a  low  Cr  content,  demonstrated  the 
lowest  average  CTE  at  13.1  x  10~6  K-1  from  room  temperature  to  800  °C,  but  it  was  also  observed  that  the  CTE  behavior  of  Haynes  242  was  very 
non-linear. 

©  2006  Elsevier  B.Y.  All  rights  reserved. 
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1.  Introduction 

Over  the  past  years,  advances  in  materials  and  cell  fabrica¬ 
tion  technology  have  led  to  a  steady  reduction  in  SOFC  operating 
temperatures  to  the  intermediate  range  of  650-800  °C.  Conse¬ 
quently  it  has  become  possible  to  consider  high  temperature 
oxidation-resistant  alloys  as  the  stack  interconnect  materials, 
instead  of  lanthanum  chromites  [1-5].  Compared  to  doped  lan¬ 
thanum  chromites,  alloys  offer  several  advantages,  including 
significantly  lower  raw  material  and  fabrication  costs.  However, 
the  SOFC  operating  conditions  present  significant  challenges 
for  alloy -based  interconnects,  as  the  interconnects  are  exposed 
simultaneously  to  an  oxidant  gas  (air)  at  the  cathode  side  and  a 
reducing  gas  (e.g.  H2)  at  the  anode  side  during  operation. 

At  high  temperatures,  oxidation-resistant  alloys  rely  on  ther¬ 
mal  growth  of  an  oxide  scale  on  their  surfaces  to  protect  the  metal 
substrates  from  further  environmental  attack.  In  terms  of  compo¬ 
sition,  the  scale  can  be  either  a  semi-conducting  chromia  layer, 
or  an  electrically  insulating  alumina  or  silica  layer,  depending 
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on  the  concentration  of  the  scale  forming  elements  in  the  metal 
substrate.  Only  the  chromia-forming  alloys  are  generally  consid¬ 
ered  for  interconnect  applications,  as  low  electrical  resistivity  is 
required  to  minimize  ohmic  losses  within  the  stacks.  Among  the 
chromia-forming  oxidation-resistant  alloys,  the  body-centered- 
cubic  (BCC)  ferritic  stainless  steels  (FSS)  demonstrate  good  oxi¬ 
dation  resistance  and  the  ability  to  match  the  coefficient  of  ther¬ 
mal  expansion  (CTE)  of  adjacent  cell/stack  components  [6-10]. 
However,  FSS  face  several  challenges  including  long-term  sur¬ 
face  stability,  increasing  electrical  resistance  due  to  scale  growth 
during  prolonged  stack  operation,  and  low  high  temperature 
mechanical  strength.  In  comparison,  the  face-centered-cubic 
(FCC)  Ni-Cr-  or  Ni-Fe-Cr-base  alloys  (or  in  particular  superal¬ 
loys)  are  generally  much  stronger  and  more  oxidation  resistant 
(i.e.  lower  scale  growth  rate)  in  the  SOFC  interconnect  operat¬ 
ing  environment  [8,11-13].  However,  the  FCC  Ni-base  alloys 
with  sufficient  Cr  to  provide  oxidation  resistance  often  exhibit 
a  high  CTE,  typically  in  the  range  of  15.0-20.0  x  10~6K_1 
from  room  temperature  to  800  °C  [7,8].  There  are  Ni-base 
alloys  with  lower  CTE,  notably  the  Invar  type  Ni-Fe-base 
(^64%  Fe)  alloys  and  some  Ni-W-Mo-Cr-base  compositions 
[14-16].  To  obtain  a  relatively  low  CTE,  these  alloys  must  con¬ 
tain  low  (or  zero)  levels  of  chromium,  and  therefore  may  not 
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Table  1 


Chemical  compositions  of  Ni-Cr-base  alloys 


Alloys 

Nominal  composition  (wt.%) 

Ni 

Cr 

Fe 

Co 

c 

Mn 

Si 

Mo 

W 

Al 

B 

Others 

Haynes  230a 

Bal 

22.0 

3.0b 

5.0b 

0 

i— H 

O 

0.5 

0.4 

2.0 

14.0 

0.30 

in 

i— H 

O 

O 

0.5Cub 

Hastelloy  Sa 

Bal 

16.0 

3.0b 

2.0b 

0.02b 

0.5 

0.4 

15.0 

1.0b 

0.25 

0.0 15b 

0.02La 

Haynes  242a 

Bal 

12.0 

2.0b 

2.5b 

0.03b 

x> 

00 

0 

00 

0 

25.0 

— 

0.5b 

in 

H 

O 

O 

a  Haynes  230,  Hastelloy  S  and  Haynes  242  are  registered  trademarks  of  Haynes  International. 
b  m,  maximum. 


exhibit  sufficient  oxidation  resistance  for  SOFC  interconnect 
applications. 

Even  with  a  relatively  high  CTE,  the  Ni-Cr-base  alloys  could 
find  application  as  interconnect  materials  through  the  use  of 
innovative  SOFC  stack  and  seal  designs  and/or  novel  intercon¬ 
nect  structures.  For  example,  recent  proof-of-concept  work  has 
confirmed  the  potential  viability  of  a  cladding  approach  to  fab¬ 
ricate  a  stable  composite  interconnect  structure  consisting  of  the 
FCC  Ni-Cr-base  alloy  claddings  over  a  BCC  ferritic  stainless 
steel  substrate  [17].  The  cladding  approach  not  only  potentially 
helps  solve  the  high  CTE  issue  of  Ni-Cr-base  alloys,  but  can 
also  offset  the  higher  cost  of  the  Ni-Cr-base  alloys  compared  to 
FSS  compositions.  Thus,  there  is  a  need  to  further  understand  the 
behavior  of  Ni-base  alloys  and  to  identify  suitable  compositions 
to  provide  another  option  for  SOFC  developers  in  their  efforts 
to  design  and  fabricate  stable  metallic  interconnects.  With  this 
regard,  three  commercial  Ni-Cr-base  alloys-containing  differ¬ 
ent  Cr  contents  were  selected  and  evaluated  against  properties 
relevant  for  SOFC  interconnection  applications. 

2.  Experimental 

Three  commercial  alloys  were  studied:  Haynes  230,  Hastel¬ 
loy  S,  and  Haynes  242  [18-20].  The  alloys  were  provided  in 
the  form  of  1.0  mm  thick  sheets  by  Haynes  International  Inc.  in 
Kokomo,  Indiana.  The  alloy  compositions  are  listed  in  Table  1. 
About  25.4  mm  x  12.7  mm  coupons  were  cut  from  the  sheet 
stock  and  polished  with  600  grid  SiC  sand  papers. 

The  alloys  were  evaluated  via  isothermal  oxidation  tests  in 
moist  air,  moist  hydrogen,  and  dual  exposure  conditions  typical 
of  SOFC  interconnects,  i.e.  they  were  exposed  simultaneously 
to  moist  air  at  one  side  and  moist  hydrogen  at  the  other  side.  The 
isothermal  oxidation  testing  in  air  was  performed  by  suspend¬ 
ing  polished,  cleaned  coupons  from  an  alumina  rod  in  a  tube 
furnace.  The  coupons  were  heated  to  800  °C  at  5  °C  min-1 ,  held 
at  this  temperature  for  300  h,  and  then  cooled  to  room  tempera¬ 
ture.  A  steady  flow  of  moist  air  (~3%  H2O  was  introduced  by 
flowing  the  air  through  a  room  temperature  water  bubbler)  was 
maintained  throughout  the  oxidation  tests.  The  oxidized  coupons 
were  then  weighed  prior  to  structure  and  microstructure  char¬ 
acterization.  The  study  on  oxidation  behavior  of  the  Ni-base 
alloys  in  moist  hydrogen  and  under  dual  exposure  conditions 
was  carried  out  in  a  specifically  designed  apparatus  described  in 
previous  publications  [21,22].  The  dual  atmosphere  specimen 
was  prepared  by  sealing  a  25.0  mm  diameter  circular  disk  of  a 
selected  alloy  to  the  end  of  an  E-brite  tube  using  BNi-2  braze. 


After  verification  of  hermetic  sealing  by  a  helium  leak  test,  the  E- 
brite  tube  and  the  alloy  disk  were  placed  in  the  test-stand,  along 
with  a  coupon  which  was  exposed  to  moist  hydrogen  only.  After 
the  test,  the  sample  was  removed  by  cutting  out  the  inner  area  of 
the  circular  disk,  and  then  ultrasonicated  in  acetone  for  5  min. 

XRD  analysis  on  the  oxidized  alloy  coupons  was  performed 
using  a  Philips  XRG-3100  X-ray  Generator  with  Cu  Ka  radi¬ 
ation.  SEM  analysis  was  performed  using  a  JEOL  scanning 
electron  microscope  (model  5900LV)  equipped  with  energy- 
dispersive  spectroscopic  (EDS)  capability  at  an  operating  volt¬ 
age  of  20  kV.  After  surface  analysis,  the  coupons  were  epoxy - 
mounted,  sectioned,  polished,  and  further  examined  under  the 
SEM.  The  coupons  from  the  electrical  resistance  measurements 
(described  below)  were  also  sectioned  and  analyzed  under  the 
SEM. 

The  electrical  resistance  of  the  scales  was  measured  using  a 
four-probe  dc  technique.  Details  of  the  test  arrangement  can  be 
found  in  a  previous  publication  [10].  Before  the  tests,  Pt  contact 
paste  was  applied  between  two  symmetrical  alloy  coupons  and  Pt 
wires  were  spot- welded  to  the  coupons.  To  avoid  interdiffusion 
between  the  alloys  and  Pt  paste,  the  alloy  coupons  were  preox¬ 
idized  in  air  at  800  °C  for  100  h  prior  to  the  application  of  the 
Pt  paste.  After  heating  the  samples  to  800  °C,  a  constant  current 
density  of  500  mA  cm-2  was  applied  to  the  coupons  through  two 
Pt  leads,  while  the  voltage  drop  across  the  interfaces  between 
the  two  alloy  coupons  was  measured  with  the  other  two  Pt  leads. 
The  area  specific  resistance  (ASR,  expressed  in  £2  cm2)  of  the 
scales  was  then  calculated  according  to  Ohm’s  Law,  ASR  =  V/2i, 
where  V  is  the  voltage  drop  and  i  is  the  current  density.  The  fac¬ 
tor  of  2  was  included  to  account  for  the  fact  that  the  voltage  drop 
was  measured  across  two  scales  connected  in  series. 

The  CTE  of  the  selected  Ni-Cr-base  alloys  was  determined 
with  a  Linseis  L75  dual  push-rod  dilatometer. 

3.  Results  and  discussion 

3.1.  Oxidation,  scale  composition  and  structure 

Fig.  1  shows  the  XRD  results  on  the  alloy  samples  after  oxi¬ 
dation,  indicating  that  the  scales  grown  on  these  alloys  were 
comprised  of  Cr203  and  M3O4  (M  =  Mn,  Ni,  Cr)  spinel,  as  well 
as  NiO  for  Haynes  242  and  Hastelloy  S.  Cr203  appeared  to  be  the 
dominant  component  in  the  scale  grown  on  Haynes  230,  which 
contains  the  highest  Cr  content  among  the  three.  In  contrast, 
NiO  became  a  major  phases  in  the  scale  grown  on  Haynes  242, 
which  has  the  lowest  Cr  content.  Due  to  penetration  of  X-rays 
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Fig.  1 .  Surface  X-ray  diffraction  patterns  of  Haynes  230,  Hastelloy  S  and  Haynes 
242  alloys  after  isothermal  oxidation  in  moist  air  (3%  H2O)  at  800  °C  for  300  h. 

through  the  scales  or  scale  chipping  (observed  on  Haynes  242), 
diffraction  peaks  of  the  FCC  metal  substrate  and  second  phases 
or  precipitates  in  the  alloy  are  also  visible  in  the  patterns.  Fig.  2 
shows  SEM  cross-sections  of  the  three  selected  alloys  after  the 
oxidation.  The  scale  grown  on  Haynes  242  was  much  thicker 
than  the  other  two,  and  demonstrated  a  double-layer  structure 
with  a  NiO  layer  atop  a  chromia-rich  sub-layer.  Cracks  were 
observed  at  the  interface  of  the  double  layers.  In  comparison, 
only  a  thin  scale  was  grown  on  Haynes  230  or  Hastelloy  S,  and 
the  scales  appeared  to  be  well-bonded  to  the  metal  substrates. 
EDS  point  analysis  on  the  scales  grown  on  these  two  alloys 
revealed  a  substantial  amount  of  Mn  in  the  scales,  indicating 
formation  of  Mn-containing  spinels  during  the  high  temperature 
exposure.  Thus,  similar  to  ferritic  compositions  [6,10],  residual 
Mn  or  the  addition  of  a  small  amount  of  Mn  into  Ni-Cr-base 
alloys  can  lead  to  formation  of  Mn-containing  spinels  in  the 
scales  grown  on  the  alloys  during  high  temperature  exposures. 
The  spinel  formation  in  the  scale  grown  on  Haynes  230  was  also 
confirmed  by  previously  published  works  [11,12,23].  Also,  the 
EDS  analysis  revealed  a  small  amount  of  NiO  in  the  scale  grown 
on  Hastelloy  S,  while  no  noticeable  NiO  was  found  in  the  scale 
on  Haynes  230. 

Overall  it  appears  that,  due  to  the  presence  of  sufficient  Cr 
in  the  metal  substrate,  Haynes  230  and  Hastelloy  S  formed  a 
thin  scale  that  was  dominated  with  &2O3  and  spinels,  and  thus 
demonstrated  excellent  oxidation  resistance  in  moist  air.  In  con¬ 
trast,  a  thick,  defective  double-layer  scale  was  grown  on  Haynes 
242,  which  contains  only  8%  Cr,  raising  concern  over  its  oxida¬ 
tion  resistance  for  SOFC  interconnect  applications. 

3.2.  Oxidation  behavior  in  air,  hydrogen,  and  dual 
atmospheres 

To  further  examine  and  understand  their  oxidation  resistance 
under  SOFC  operating  conditions,  the  selected  alloys  were  fur¬ 
ther  tested  in  moist  hydrogen  and  in  moist  air-moist  hydrogen 
dual  atmospheres.  Fig.  3  shows  XRD  patterns  from  the  alloy 
samples  after  300  h  oxidation  at  800  °C  in  moist  hydrogen.  The 


(a) 


(b) 


(c) 


Fig.  2.  SEM  cross-sections  of  Haynes  242,  Hastelloy  S  and  Haynes  230  alloys 
after  oxidation  at  800  °C  in  moist  air  (3%  H2O)  for  300  h. 


XRD  analysis  indicates  that  the  scales  grown  on  these  three 
alloys  were  mainly  of  Cr203  and  M3O4  (M  =  Mn,  Ni,  Cr)  spinel, 
but  not  NiO.  This  is  not  surprising,  since  formation  of  NiO  is 
thermodynamically  unfavorable  in  the  moist  hydrogen  environ¬ 
ment.  Again,  due  to  penetration  of  X-ray  through  the  scales,  the 
y-metal  substrate  and  other  phases  in  the  substrate  are  visible  in 
the  patterns.  SEM  analysis  on  the  cross-sections  of  the  oxidized 


Z.  Yang  et  al.  /  Journal  of  Power  Sources  160  (2006)  1104-1110 


1107 


Fig.  3.  Surface  X-ray  diffraction  patterns  of  Haynes  230,  Hastelloy  S  and  Haynes 
242  alloys  after  isothermal  oxidation  in  moist  hydrogen  (3%  H2O)  at  800  °C  for 
300  h. 

samples,  as  shown  in  Fig.  4,  found  a  similar  thickness  of  scales 
grown  on  these  three  alloys;  all  scales  were  well-bonded  to  the 
metal  substrates.  Thus,  all  three  alloys  demonstrated  an  excel¬ 
lent  oxidation  resistance  in  the  moist  hydrogen  environment, 
independent  of  Cr  content  in  the  metal  substrate. 

Similar  oxidation  behavior  at  800  °C  was  observed  on  the 
moist  hydrogen  side  of  samples  that  were  simultaneously 
exposed  to  moist  air  on  the  other  side  during  dual  atmosphere 
oxidation  tests.  However,  a  difference  in  oxidation  behavior  was 
observed  between  the  air  side  of  the  dual  exposure  samples 
(shown  in  Fig.  5)  and  the  samples  that  were  exposed  to  moist 
air  at  both  sides  (refer  back  to  Fig.  2).  For  example,  while  the 
scale  that  grew  on  Hastelloy  S  in  moist  air  only  contained  a 
small  amount  of  NiO,  no  NiO  was  detected  in  the  scale  grown 
on  the  air  side  of  the  dual  exposure  sample.  The  suppression  of 
the  formation  of  NiO  at  the  air  side  under  the  dual  exposure  was 
however  not  that  drastic  for  Haynes  242.  As  shown  in  Fig.  5(b), 
the  scale  grown  on  the  air  side  of  Haynes  242  during  the  dual 
exposure  showed  a  similar  dual-layer  structure  to  the  scale  grown 
in  moist  air  only,  though  it  was  slightly  thinner,  and  cracks  were 
clearly  noticeable  at  the  interface  between  the  top  NiO  layer  and 
the  spinel-rich  sub-layer.  In  addition,  the  interfaces  between  the 
scales  and  the  metal  substrates  at  the  air  side  of  the  dual  expo¬ 
sure  samples  appeared  to  be  free  from  defects  such  as  porosity, 
which  was  observable  along  the  scale  and  metal  substrate  inter¬ 
faces  of  samples  exposed  to  air  only.  This  phenomenon  was  not 
observed  however  on  Hastelloy  S,  due  to  the  buckling  of  scale 
grown  at  the  air  side  during  the  dual  exposure. 

In  short,  the  dual  atmosphere  exposure  led  to  a  different  oxi¬ 
dation  behavior  of  the  Ni-base  alloys  at  the  air  side  of  dual 
exposure  samples,  in  comparison  with  the  samples  exposed  to 
moist  air  at  both  sides.  Similarly,  an  anomalous  oxidation  behav¬ 
ior  was  also  observed  on  ferritic  stainless  steels  at  the  airside 
of  dual  exposure  samples  [21,22].  In  comparison,  however,  for 
ferritic  stainless  steels  the  dual  exposures  often  led  to  growth  of 
hematite  nodules  and  localized  attack.  The  anomalous  oxidation 
behavior  of  varied  alloys  under  the  dual  exposures  is  tentatively 


(a) 


(b) 


Haynes230 


28  k  U  X5,008 


(c) 

Fig.  4.  SEM  cross-section  of:  (a)  Haynes  242,  (b)  Hastelloy  S,  and  (c)  Haynes 
230  alloys  after  oxidation  at  800  °C  in  moist  hydrogen  (97%  H2  +  3%  H2O)  for 
300  h. 

attributed  to  a  hydrogen  flux  through  the  alloys  from  the  fuel 
side  to  the  air  side  and  the  subsequent  presence  of  hydrogen  or 
protons  at  the  air  side,  which  likely  alters  the  scale  structure  and 
growth. 

3.3.  Scale  electrical  conductivity 

As  a  bi-polar  plate  between  adjacent  cells,  the  interconnect 
must  offer  a  low  resistance  electrical  path  in  order  to  mini- 
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(b) 


I 


20  k  U  XI, 000  10Mm  04s  151a 


(c) 

Fig.  5.  SEM  cross-sections  at  air  side  of  Ni-Cr-base  alloys  after  oxidation  at 
800  °C  for  300 h  under  dual  atmosphere  exposure,  i.e.  with  moist  air  (air  +  3% 
H2O)  at  one  side  (air  side)  and  moist  hydrogen  (H2  +  3%  H2O)  at  the  other 
(hydrogen  side):  (a)  Haynes  230,  (b)  Hastelloy  S,  and  (c)  Haynes  242. 

mize  resistive  losses  within  SOFC  stacks.  For  oxidation-resistant 
alloys,  the  electrical  resistance  is  the  sum  of  two  parts,  bulk  alloy 
resistance  and  scale  resistance.  For  high  temperature  applica¬ 
tions  such  as  the  SOFC  interconnect,  the  electrical  resistance 
of  the  scale  usually  dominates  the  electrical  behavior  of  the 


Fig.  6.  Area  specific  resistance  (ASR)  of  Haynes  230,  Hastelloy  S,  and  Haynes 
242,  as  a  function  of  time  during  isothermal  oxidation  in  air  at  800  °C.  The  test 
coupons  were  pre-oxidized  for  lOOh  at  800  °C  in  air  before  the  ASR  measure¬ 
ment. 

oxidation-resistant  alloys.  The  measured  electrical  conductiv¬ 
ity  of  the  selected  Ni-Cr-base  alloys  (including  their  scales)  as 
a  function  of  time  at  800  °C  in  air  is  shown  in  Fig.  6.  Among 
the  three  alloys,  Haynes  230  exhibited  a  higher  ASR  that  nev¬ 
ertheless  only  increased  slightly  over  time  due  to  its  slow  scale 
growth.  In  comparison,  Hastelloy  S  showed  a  lower  ASR  in  the 
early  stages,  but  its  ASR  increased  more  quickly  than  that  of 
Haynes  230  due  to  its  higher  scale  growth  rate.  For  Haynes  242, 
its  ASR  appeared  to  increase  drastically  in  early  stages,  then 
dropped  slowly  over  the  time  and  eventually  leveled  off.  It  is 
noted  that  there  is  a  spike  on  the  ASR  curve  of  Haynes  242, 
which  was  likely  caused  by  a  power  failure  occurring  during  the 
test. 

Overall  the  three  Ni-Cr-base  alloys  demonstrated  a  scale  con¬ 
ductivity  that  was  higher  than  many  commercial  ferritic  stainless 
steels,  and  comparable  to  that  of  the  newly  developed  stainless 
steel  Crofer22  APU  [6,10].  In  the  long  term,  however,  the  high 
rate  of  scale  growth,  and  defective  nature  of  the  scale,  might  lead 
to  excessively  high  ASR  for  Haynes  242,  especially  for  SOFC 
applications  requiring  numerous  thermal  cycles. 

3.4.  Thermal  expansion 

Fig.  7  shows  the  thermal  expansion  behavior  of  the  selected 
Ni-Cr-base  alloys  as  a  function  of  temperature.  As  expected, 
with  a  FCC  matrix  the  selected  Ni-Cr-base  alloys  demonstrate 
a  higher  CTE  than  the  BCC  ferritic  stainless  steels,  which  typ¬ 
ically  have  a  CTE  of  12.0-13.0  x  10-6  K-1.  Among  the  three 
alloys,  Haynes  230  has  the  highest  CTE  at  14.9  x  10_6K_1 
from  room  temperature  to  800  °C,  which  is  similar  to  that  of 
Hastelloy  S  at  14.8  x  10-6  K-1,  but  much  higher  than  that  of 
Haynes  242  at  13.1  x  10-6  K-1.  It  is  clear  that,  to  some  extent, 
the  CTE  of  Ni-Cr-base  alloys  can  be  modified  through  alloying. 
Previous  work  [14,15]  indicated  that  Cr  additions  increased  the 
CTE  of  the  Ni-Cr  substrate,  while  Mo,  W,  Al  and  Ti  decreased 
the  CTE.  Thus,  the  relatively  low  CTE  of  Haynes  242  can  be 
attributed  to  extensive  additions  of  W  and  Mo,  and  the  lim¬ 
ited  amount  of  Cr.  The  heavy  alloying  with  refractory  metal 
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elements,  however,  results  in  non-linearity  of  the  CTE;  also, 
the  relatively  low  Cr  content  can  potentially  lead  to  a  reduced 
oxidation-resistance  that  can  be  insufficient  for  SOFC  intercon¬ 
nect  applications. 

4.  Summary  and  conclusions 

As  has  been  observed,  Haynes  230  and  Hastelloy  S,  which 
have  a  relatively  high  Cr  content,  formed  a  thin  scale  mainly 
comprised  of  Cr2C>3  and  (Mn,Cr,Ni)3C>4  spinel  during  high  tem¬ 
perature  exposure  in  moist  air;  this  scale  provided  excellent 
oxidation  resistance.  On  the  other  hand,  Haynes  242  developed  a 
thick  double-layer  scale  consisting  of  a  NiO  outside  layer  above 
a  chromia-rich  substrate,  raising  concern  over  its  oxidation  resis¬ 
tance  for  the  interconnect  applications.  All  three  alloys  exhibited 
excellent  oxidation  resistance  in  moist  hydrogen,  growing  a  thin 
scale  that  was  dominated  with  G2O3  and  (Mn,Cr,Ni)304  spinels 
for  Haynes  230  and  Hastelloy  S,  and  with  &2O3  as  for  Haynes 
242.  Similarly,  a  thin  scale  consisting  of  Cr203  the  major  phase 
also  developed  on  all  three  alloys  at  the  moist  hydrogen  side 
when  they  were  exposed  to  a  dual  atmosphere  (moist  air  ver¬ 
sus  moist  hydrogen)  environment.  Somewhat  different  oxidation 
behavior  was,  however,  observed  at  the  air  side  of  the  dual  atmo¬ 
sphere  samples  compared  to  samples  exposed  to  moist  air  at 
both  sides.  In  particular,  it  appeared  that  hydrogen  flux  from 
the  fuel  side  to  the  air  side  tended  to  mitigate  formation  of 
NiO  and  reduce  porosity  along  the  scale/metal  interfaces.  How¬ 
ever,  the  dual  atmosphere  exposure  did  not  significantly  alter  the 
oxidation  behavior  of  Haynes  242,  which  still  formed  a  thick, 
defective,  double-layer  scale  on  its  surface. 

Due  to  the  formation  of  Mn-containing  spinels  in  their  sur¬ 
face  scales  and  their  excellent  oxidation  resistance,  both  Haynes 
230  and  Hastelloy  S  demonstrated  an  ASR  that  was  compara¬ 
ble  to  that  of  Crofer22  APU.  The  poor  stability  of  the  scale  on 
Haynes  242  would  likely  result  in  an  unacceptably  high  scale 
ASR  during  typical  SOFC  stack  operating  lifetimes. 

With  a  FCC  substrate,  all  three  alloys  exhibited  a  CTE  that 
is  higher  than  that  of  candidate  ferritic  stainless  steels,  e.g. 


Crofer22  APU.  Among  the  three  alloys,  Haynes  242,  which 
is  heavily  alloyed  with  W  and  Mo  and  has  a  low  Cr  content, 
demonstrated  the  lowest  average  CTE  (13.1  x  10  6  K  from 
room  temperature  to  800  °C.  The  reduction  in  CTE  via  alloying, 
however,  resulted  in  limited  oxidation  resistance,  as  well  as  a 
decreased  linearity  in  the  alloy  CTE. 

To  sum  up,  the  Ni-Cr-base  alloys,  which  are  mechanically 
stronger  than  ferritic  stainless  steels,  also  demonstrate  excellent 
oxidation  resistance  and  satisfactory  scale  electrical  conductiv¬ 
ity  for  SOFC  interconnect  applications  if  they  contain  enough 
Cr.  To  fully  make  use  of  the  advantages  of  the  Ni-base  alloys, 
however,  novel  designs  of  interconnects  or  stacks  are  needed  to 
address  potential  CTE  mismatch  to  cell  components.  Though  the 
high  CTE  of  Ni-base  alloys  can  to  some  extent  be  modified  via 
alloying,  attention  must  be  paid  to  the  effects  of  compositional 
changes  on  their  oxidation  resistance  and  other  properties  such 
as  CTE  linearity. 
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